Abstract: Mixed matrix membranes (MMM) based on chitosan (CS) and poly (vinyl) alcohol (PVA) with a 50:50 w/w ratio doped with graphene oxide (GO) are prepared by solution casting and characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), thermogravimetric analysis (TGA), water uptake, alcohol permeability, ion exchange capacity (IEC) and OHć onductivity measurements. The SEM analysis revealed a dense MMM where the GO nanosheets were well dispersed over the entire polymer matrix. The incorporation of GO increased considerably the thermal stability of the CS:PVA membrane. The GO-based MMM exhibited a low conductivity of 0.19 mS¨cm´1 in part because the GO sheets did not change the crystallinity of the CS:PVA matrix. The reinforced structure created by the hydrogen bonds between the GO filler and the CS:PVA matrix resulted to be a good physical barrier for alcohol permeability, achieving a coefficient of diffusion of 3.38ˆ10´7 and 2.43ˆ10´7 cm 2¨s´1 after 60 and 120 min, respectively, thus avoiding additional alcohol crossover. Finally, the electrochemical performance of the GO-based MMM in the electrooxidation of propargyl alcohol was investigated in a Polymer Electrolyte Membrane Electrochemical Reactor (PEMER) under alkaline conditions, through the polarization curve and the electrolysis reactions, showing a performance comparable to anion-exchange commercial membranes.
Introduction
The development of membrane technology and its versatility in terms of structure and properties has led to the existence of a large number of membranes in multiple applications. Nowadays, membranes are a key component in energy conversion and storage [1] , and more recently, in the less well-known field of organic electrosynthesis [2] [3] [4] [5] . In this regard, Polymer Electrolyte Membrane Electrochemical Reactor (PEMER) configuration based on ion-exchange Polymer Electrolyte Membrane (PEM) and Direct Alcohol Fuel Cells (DAFCs) has been employed for the electrooxidation of an unsaturated alcohol to its corresponding carboxylic acids in alkaline medium [6] . The use of alkaline media offers several advantages in terms of the minimization of corrosive reactions compared when using acidic media, the possibility of not needing perfluorated ion-exchange membranes or and advantageous thermal and mechanical stability from incorporation of functionalized GO into a PVA/poly(diallyldimethylammonium) chloride polymer blend.
Hence, GO is an effective alternative filler to natural clays [21] to achieve reinforced polymers matrix with enhanced structural and physicochemical properties without covalent modification that could affect the striking characteristics of pristine polymeric materials. Recently, carbon nanotubes are incorporated similarly in different polymer structures to enhance their mechanical properties and increase ion conductivities [45] [46] [47] . GO nanosheets have increased the glass transition (T g ) and electrochemical properties of chitosan biopolymer (CS) [22] .
PVA mixed with CS is often cited in literature for the amelioration of the mechanical, chemical and electrochemical properties of CS in ion-exchange membranes [48, 49] . In this respect, the recent work performed by Feng and coworkers described the physicochemical properties of PVA-based membrane incorporating CS polymer and a small amount of rGO or GO fillers [50] . In such work, the advantage of mixing both polymers to a novel reinforced nanocomposite was demonstrated. CS did not only reinforce the PVA matrix by means of strong hydrogen bonds, but it also acted as a bridge between the graphene oxide nanosheets (rGO or GO) and the PVA polymer matrix in aqueous solution, leading to better dispersion of the carbon fillers. The same authors noted that the rGO/CS:PVA and GO/CS:PVA systems showed enhanced conductivity values (loss of crystallinity), thermal and mechanical stability, as well as an increment of T g from 58.6 to 60.9˝C, and of tensile strength from 35.7 to 48.6 MPa for pure PVA and 0.8 wt.% GO loaded/CS:PVA membranes, respectively. However, to the best of our knowledge, only Yang et al. developed a novel anion-exchange membrane based on CS and PVA in 1 to 9 (w/w) ratio incorporating sG and G for the manufacture of alkaline solid electrolyte membrane for direct alcohol fuel cells applications [51] . These authors achieved a maximum tensile strength of 62.2 N¨mm´2 using a 0.1 w/w loading of sG added, with a decrement of crystallinity and increasing conductivities, whose values range between 24 and 47 mS¨cm´1 with sG and G content, versus very slight improvements in terms of thermal stability and alcohol permeability. Besides, their membranes did not exhibit a good dispersion over the entire polymer matrix, probably due mainly to low amount of CS blended with PVA polymer. Finally, GO-based membranes have been recently reviewed for their gas and liquid barrier properties [52] and CS:PVA blend membranes have showed significant increase in mechanical properties of the polymer upon the addition of even low loadings of exfoliated GO nanosheets [20] .
Herein, we detail a facile and eco-friendly synthesis of CS and PVA blend polymer membranes based on in a 50:50 w/w ratio, doped with GO as filler (GO/CS:PVA). An extensive physicochemical characterization of this new GO/CS:PVA membrane was carried out by optical microscopy, scanning electron microscopy (SEM), X-ray diffraction (XRD), water uptake (W U ), X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), ion exchange capacity (IEC), alcohol permeability and electrochemical impedance spectroscopy (EIS). Moreover, the Raman analyses were carried out in order to understand how the blend polymer matrix is modified by the incorporation of GO nanosheets. Finally, the performance of GO/CS:PVA membrane was explored through the electrooxidation of a model primary alcohol like propargyl alcohol (PGA) in alkaline medium using a PEM electrochemical reactor configuration.
Results and Discussion

Physicochemical Characterization of Graphene Oxide
TEM micrographs of GO nanosheets are shown in Figure 1A ,B. GO nanosheets are clearly identified with a small thickness. According to TEM images, almost fully exfoliated O-functionalized graphene nanosheets are observed. Similar TEM images for GO were observed in [22] . Figure 2A ,B display the general images of the GO/CS:PVA membrane prepared with 1 wt.% GO with respect to the total weight of polymer mixture. Images are captured after drying process and just before immersing the membrane in alkaline solution to get the OH − form membrane. The photographs in Figure 2A ,B reveal a brownish, homogenous, and smooth surface. Agglomerations corresponding to the incorporation of GO sheets are present in the membrane but homogeneously dispersed, as shown in Figure 2C .
Structural and Chemical Characterization of GO/CS:PVA Membrane
SEM images of the GO/CS:PVA membrane in OH − form are shown in Figure 3A ,B, both surface section and cross section, respectively. The small loading of 1 wt.% GO provides a homogenous surface where the GO sheets are not distinguishable from the polymer matrix, which denotes that the dispersion step through magnetic stirring of GO in CS:PVA mixture of ratio 50:50 (w/w) was sufficient upon membrane preparation. The homogeneous distribution of GO inside the GO/CS:PVA membrane and the absence of cracks are also demonstrated by the cross section. The incorporation of GO leads to no change on the morphology compared to that obtained from the CS:PVA pristine membrane reported in our previous work [6] . It is worth noting that there are a few little crashes observed in cross section of the membrane, which are mainly attributed to experimental observation under the electron-beam [6] . Figure 2A ,B display the general images of the GO/CS:PVA membrane prepared with 1 wt.% GO with respect to the total weight of polymer mixture. Images are captured after drying process and just before immersing the membrane in alkaline solution to get the OH´form membrane. The photographs in Figure 2A ,B reveal a brownish, homogenous, and smooth surface. Agglomerations corresponding to the incorporation of GO sheets are present in the membrane but homogeneously dispersed, as shown in Figure 2C .
SEM images of the GO/CS:PVA membrane in OH´form are shown in Figure 3A ,B, both surface section and cross section, respectively. The small loading of 1 wt.% GO provides a homogenous surface where the GO sheets are not distinguishable from the polymer matrix, which denotes that the dispersion step through magnetic stirring of GO in CS:PVA mixture of ratio 50:50 (w/w) was sufficient upon membrane preparation. The homogeneous distribution of GO inside the GO/CS:PVA membrane and the absence of cracks are also demonstrated by the cross section. The incorporation of GO leads to no change on the morphology compared to that obtained from the CS:PVA pristine membrane reported in our previous work [6] . It is worth noting that there are a few little crashes observed in cross section of the membrane, which are mainly attributed to experimental observation under the electron-beam [6] . Raman spectroscopy is a sensitive technique to symmetric covalent bonds, which allows discerning minor changes in the structural morphology of material, being therefore especially useful for the characterization of the disordered/ordered structure of materials with carbon content. Conjugated and double carbon-carbon bonds provide upper Raman intensities, and the graphitization degree and crystallite size can be calculated from ID/IG ratio [20, 53] . Figure 4 represents the Raman spectrum of the GO/CS:PVA membrane. This consists of two main bands and two small ones related to the second order region. Typical D and G bands, together with 2D-also known as G' band-and D + G band, are observed for the GO/CS:PVA membrane at 1332, 1598, 2640 and 2925 cm −1 , respectively, being the ID/IG ratio 1.21, approximately. The position of the G band and the position and shape of 2D band indicate that the GO sheets are present as multilayers in the polymer matrix. In general, a displacement to higher Raman shifts of the 2D band occurs as the layer thickness increases, although the more significant changes are attributed to the band shape, where 2D and D + G bands are Raman spectroscopy is a sensitive technique to symmetric covalent bonds, which allows discerning minor changes in the structural morphology of material, being therefore especially useful for the characterization of the disordered/ordered structure of materials with carbon content. Conjugated and double carbon-carbon bonds provide upper Raman intensities, and the graphitization degree and crystallite size can be calculated from ID/IG ratio [20, 53] . Figure 4 represents the Raman spectrum of the GO/CS:PVA membrane. This consists of two main bands and two small ones related to the second order region. Typical D and G bands, together with 2D-also known as G' band-and D + G band, are observed for the GO/CS:PVA membrane at 1332, 1598, 2640 and 2925 cm −1 , respectively, being the ID/IG ratio 1.21, approximately. The position of the G band and the position and shape of 2D band indicate that the GO sheets are present as multilayers in the polymer matrix. In general, a displacement to higher Raman shifts of the 2D band occurs as the layer thickness increases, although the more significant changes are attributed to the band shape, where 2D and D + G bands are Raman spectroscopy is a sensitive technique to symmetric covalent bonds, which allows discerning minor changes in the structural morphology of material, being therefore especially useful for the characterization of the disordered/ordered structure of materials with carbon content. Conjugated and double carbon-carbon bonds provide upper Raman intensities, and the graphitization degree and crystallite size can be calculated from I D /I G ratio [20, 53] . Figure 4 represents the Raman spectrum of the GO/CS:PVA membrane. This consists of two main bands and two small ones related to the second order region. Typical D and G bands, together with 2D-also known as G' band-and D + G band, are observed for the GO/CS:PVA membrane at 1332, 1598, 2640 and 2925 cm´1, respectively, being the I D /I G ratio 1.21, approximately. The position of the G band and the position and shape of 2D band indicate that the GO sheets are present as multilayers in the polymer matrix. In general, a displacement to higher Raman shifts of the 2D band occurs as the layer thickness increases, although the more significant changes are attributed to the band shape, where 2D and D + G bands are much better resolved compared to the second order region shown in Figure 1C , which exhibits a much broader second order peak near 2650 cm´1. Moreover, D band reveals that GO incorporation gives rise to a material with numerous defects and disorder in part because of O-functionalized groups in GO nanosheets. By comparing the crystalline size of 31.80 nm and 34.35 nm for GO in GO/CS:PVA membrane and GO solution, respectively, it is demonstrated that there is no difference when GO is incorporated within the polymer membrane [20, 53] .
C 2016, 2, 10 6 of 19 much better resolved compared to the second order region shown in Figure 1C , which exhibits a much broader second order peak near 2650 cm −1 . Moreover, D band reveals that GO incorporation gives rise to a material with numerous defects and disorder in part because of O-functionalized groups in GO nanosheets. By comparing the crystalline size of 31.80 nm and 34.35 nm for GO in GO/CS:PVA membrane and GO solution, respectively, it is demonstrated that there is no difference when GO is incorporated within the polymer membrane [20, 53] . PVA and CS polymers chain interaction has influence on physical properties such as crystallinity, polymer solubility in, thermal and chemical stability, and ion exchange capacity. The crystallinity can be correlated with the mechanical properties. Figure 5 depicts the X-ray diffractograms of CS:PVA-based membranes where the peaks observed at 10° and 20° can be attributed to both crystal forms of CS polymer [54] . The characteristic diffraction band of PVA appears at 19.5° as described elsewhere [50] . The semi-crystalline character of the CS:PVA blend decreased after the incorporation of the GO filler, although the characteristic diffractogram bands ascribed to the pristine polymers are still observed for the GO/CS:PVA membrane. By comparing with the CS:PVA membrane, slightly broader bands are observed for the GO/CS:PVA membrane than the CS:PVA one. From this, we can conclude that the incorporation of GO in the polymer matrix produces somehow a very slight loss of the crystallinity, as reported for other layered filler additives (AM-4 and UZAR-S3 [55] , clay nanotubes [21] or layered double hydroxides [9] ). Thus, the GO/CS:PVA membrane is still partially crystalline with both amorphous and crystalline regions influencing positively on the electrical and mechanical properties of the membrane. Our XRD results agree with those obtained by Feng et al. [50] and Yang et al. [51] , who indicated that the incorporation of G and its derivative sheets reduced the crystallinity of CS:PVA membranes, increasing the relative Full Width at Half Maximum (FWHM) value with increasing carbon filler content. However, it must be taken into account that both the CS to PVA polymers ratio and carbon filler were different, as well as the preparation method, including temperature and crosslinking agents that could influence on crystallinity degree [56, 57] .
XPS analysis of the GO-unfilled and filled CS:PVA membrane together with the GO filler itself are shown in Table 1 . Accordingly, the assignment of the binding energy of C, N and O elements reveal no significant difference. Carbonyl and hydroxyl groups are typical functionalization groups with dipoles that interact with dipoles groups present in pristine polymers. The peak for C at 287.9 eV reveals GO layers in the membrane structure attributed to -CO. Furthermore, we have practically found the same values of binding energies of GO in the membrane and GO itself. Consequently, no covalent modification of the GO nanosheets with the polymeric blend was observed that could modify the physicochemical characteristics of the pristine materials. On the other hand, the atomic % of oxygen is also as expected larger for the GO/CS:PVA membrane than for the unfilled polymeric blended membrane as a consequence of the high functionalization degree of the GO filler. The peak related to amino groups coming from CS polymer is present in the spectrum of the GO/CS:PVA membrane at 399.54 and 401.09 eV, which indicates that there is no complexation of N atom with the PVA and CS polymers chain interaction has influence on physical properties such as crystallinity, polymer solubility in, thermal and chemical stability, and ion exchange capacity. The crystallinity can be correlated with the mechanical properties. Figure 5 depicts the X-ray diffractograms of CS:PVA-based membranes where the peaks observed at 10˝and 20˝can be attributed to both crystal forms of CS polymer [54] . The characteristic diffraction band of PVA appears at 19.5˝as described elsewhere [50] . The semi-crystalline character of the CS:PVA blend decreased after the incorporation of the GO filler, although the characteristic diffractogram bands ascribed to the pristine polymers are still observed for the GO/CS:PVA membrane. By comparing with the CS:PVA membrane, slightly broader bands are observed for the GO/CS:PVA membrane than the CS:PVA one. From this, we can conclude that the incorporation of GO in the polymer matrix produces somehow a very slight loss of the crystallinity, as reported for other layered filler additives (AM-4 and UZAR-S3 [55] , clay nanotubes [21] or layered double hydroxides [9] ). Thus, the GO/CS:PVA membrane is still partially crystalline with both amorphous and crystalline regions influencing positively on the electrical and mechanical properties of the membrane. Our XRD results agree with those obtained by Feng et al. [50] and Yang et al. [51] , who indicated that the incorporation of G and its derivative sheets reduced the crystallinity of CS:PVA membranes, increasing the relative Full Width at Half Maximum (FWHM) value with increasing carbon filler content. However, it must be taken into account that both the CS to PVA polymers ratio and carbon filler were different, as well as the preparation method, including temperature and crosslinking agents that could influence on crystallinity degree [56, 57] .
XPS analysis of the GO-unfilled and filled CS:PVA membrane together with the GO filler itself are shown in Table 1 . Accordingly, the assignment of the binding energy of C, N and O elements reveal no significant difference. Carbonyl and hydroxyl groups are typical functionalization groups with dipoles that interact with dipoles groups present in pristine polymers. The peak for C at 287.9 eV reveals GO layers in the membrane structure attributed to -CO. Furthermore, we have practically found the same values of binding energies of GO in the membrane and GO itself. Consequently, no covalent modification of the GO nanosheets with the polymeric blend was observed that could modify the physicochemical characteristics of the pristine materials. On the other hand, the atomic % of oxygen is also as expected larger for the GO/CS:PVA membrane than for the unfilled polymeric blended membrane as a consequence of the high functionalization degree of the GO filler. The peak related to amino groups coming from CS polymer is present in the spectrum of the GO/CS:PVA membrane at 399.54 and 401.09 eV, which indicates that there is no complexation of N atom with the oxygenated G sheets as filler. In addition, XPS data reveal the presence of carbonyl groups in the CS:PVA-based membrane, denoting the presence of the acetyl groups from the CS polymer (CS is not completely deacetylated, as described in the Experimental Section). oxygenated G sheets as filler. In addition, XPS data reveal the presence of carbonyl groups in the CS:PVA-based membrane, denoting the presence of the acetyl groups from the CS polymer (CS is not completely deacetylated, as described in the Experimental Section). Thermal stability is a significant requirement of the anion-exchange membrane since they can be utilized under conditions of temperatures up to 100 °C for long time intervals in order to favor the electrochemical processes. In our previous work, the incorporation of PVA in a CS structure provided an increment of about 15 °C in the membrane decomposition temperature with according to TGA analysis under nitrogen atmosphere [6] . Moreover, authors demonstrated that the use of different organic (AS4 and 4VP anionic ionomers) and layered inorganic fillers (stanno and titanosilicates, UZAR-S3 and AM-4, respectively) led to a slight improvement of the thermal stability of CS:PVA blended membrane. TGA of GO/CS:PVA membrane is displayed in Figure 6 and plots disclose that Thermal stability is a significant requirement of the anion-exchange membrane since they can be utilized under conditions of temperatures up to 100˝C for long time intervals in order to favor the electrochemical processes. In our previous work, the incorporation of PVA in a CS structure provided an increment of about 15˝C in the membrane decomposition temperature with according to TGA analysis under nitrogen atmosphere [6] . Moreover, authors demonstrated that the use of different organic (AS4 and 4VP anionic ionomers) and layered inorganic fillers (stanno and titanosilicates, UZAR-S3 and AM-4, respectively) led to a slight improvement of the thermal stability of CS:PVA blended membrane. TGA of GO/CS:PVA membrane is displayed in Figure 6 and plots disclose that the incorporation of GO into CS:PVA matrix enhances quite the thermal property of this type of mixed membrane. Figure 6 also displays the three characteristic steps corresponding to: (i) the evaporation of the free water and bound water in the membrane taking place at around 200˝C; (ii) the elimination of side groups of CS and PVA at the temperature ranges of 180-450˝C and 225-480˝C, respectively; and (iii) the breakdown of the polymer from 450˝C for CS and 480˝C for PVA pristine polymers [6] . By contrast, for the GO/CS:PVA membrane, the major weight loss takes place at a temperature range between 250 and 520˝C, after the evaporation of water that can be both bound to the polymer chain and in the interlayer distances between GO sheets (the interlayer distance is increased with O-functionalization groups). By comparing the TGA analysis of CS:PVA and GO/CS:PVA membranes, the later exhibits a major thermal stability reflected in a considerably lower loss of weight with increase of temperature despite the second step begins circa at 260˝C for both kind of membranes. Consequently, a residue of 65 and 27 wt.% at 290 and 450˝C, respectively, are obtained for pristine polymers blend against 73 and 36 wt.% at the same temperatures when the amount of 1.0 wt.% GO filler is added to the polymer matrix. GO loading was increased up to 5.0 wt.% and then the GO/CS:PVA blended membrane was prepared with no significant difference or improvement compared to the GO/CS:PVA blended membrane with a loading of 1.0 wt.%. Such improvements in thermal stability are mainly attributed to the effect of physical barrier of GO nanosheets that leads to a decomposition delay of membrane with temperature. In this regard, Bao et al. [58] performed a comparative study between the influence of using pristine G and GO within a PVA polymeric matrix demonstrating that the hydrogen bonds between PVA polymer and the oxygenated functionalized groups present in the G nanosheets were not only responsible for the adequate dispersion and exfoliation of this carbon nanofiller in the polymer matrix, but they also play a role as far the thermal stability is concerned. Thus, GO act as a physical barrier increasing the transition temperature, and consequently improving the thermal stability of the composite membrane [59] . the incorporation of GO into CS:PVA matrix enhances quite the thermal property of this type of mixed membrane. Figure 6 also displays the three characteristic steps corresponding to: (i) the evaporation of the free water and bound water in the membrane taking place at around 200 °C; (ii) the elimination of side groups of CS and PVA at the temperature ranges of 180-450 °C and 225-480 °C, respectively; and (iii) the breakdown of the polymer from 450 °C for CS and 480 °C for PVA pristine polymers [6] . By contrast, for the GO/CS:PVA membrane, the major weight loss takes place at a temperature range between 250 and 520 °C, after the evaporation of water that can be both bound to the polymer chain and in the interlayer distances between GO sheets (the interlayer distance is increased with O-functionalization groups). By comparing the TGA analysis of CS:PVA and GO/CS:PVA membranes, the later exhibits a major thermal stability reflected in a considerably lower loss of weight with increase of temperature despite the second step begins circa at 260 °C for both kind of membranes. Consequently, a residue of 65 and 27 wt.% at 290 and 450 °C, respectively, are obtained for pristine polymers blend against 73 and 36 wt.% at the same temperatures when the amount of 1.0 wt.% GO filler is added to the polymer matrix. GO loading was increased up to 5.0 wt.% and then the GO/CS:PVA blended membrane was prepared with no significant difference or improvement compared to the GO/CS:PVA blended membrane with a loading of 1.0 wt.%. Such improvements in thermal stability are mainly attributed to the effect of physical barrier of GO nanosheets that leads to a decomposition delay of membrane with temperature. In this regard, Bao et al. [58] performed a comparative study between the influence of using pristine G and GO within a PVA polymeric matrix demonstrating that the hydrogen bonds between PVA polymer and the oxygenated functionalized groups present in the G nanosheets were not only responsible for the adequate dispersion and exfoliation of this carbon nanofiller in the polymer matrix, but they also play a role as far the thermal stability is concerned. Thus, GO act as a physical barrier increasing the transition temperature, and consequently improving the thermal stability of the composite membrane [59] . Water uptake (WU) of the anion-exchange membranes are correlated with the crystallinity or the crosslinking degree of the membrane matrix, as well as the nature and concentration of the fixed ion exchange groups, the counter ions and membrane homogeneity and the composition of the solution [57] . Particularly, the concentration of the solution exhibits a significant effect on the water sorption due to osmotic effects, which is related to chemical potential difference of the water in the membrane and in the solution [57] . WU value is measured by the weight difference between the wet and dried OH − form of the membrane. Hence, WU of GO/CS:PVA calculated after removing the surface water is 138.40 wt.%, as shown in Table 2 , which is similar to that obtained for the unfilled CS:PVA membrane. An increment of up to 5 wt.% of GO content does not lead to a decrease of WU value (140.5 wt.% for 5 wt.% of GO into the polymer matrix), probably related to no significant improvement in the degree of crosslinking at high GO loadings. However, when the temperature step was applied to the membrane preparation method for a GO loading of 1.0 wt.% with respect to the polymer matrix, WU Water uptake (W U ) of the anion-exchange membranes are correlated with the crystallinity or the crosslinking degree of the membrane matrix, as well as the nature and concentration of the fixed ion exchange groups, the counter ions and membrane homogeneity and the composition of the solution [57] . Particularly, the concentration of the solution exhibits a significant effect on the water sorption due to osmotic effects, which is related to chemical potential difference of the water in the membrane and in the solution [57] . W U value is measured by the weight difference between the wet and dried OH´form of the membrane. Hence, W U of GO/CS:PVA calculated after removing the surface water is 138.40 wt.%, as shown in Table 2 , which is similar to that obtained for the unfilled CS:PVA membrane. An increment of up to 5 wt.% of GO content does not lead to a decrease of W U value (140.5 wt.% for 5 wt.% of GO into the polymer matrix), probably related to no significant improvement in the degree of crosslinking at high GO loadings. However, when the temperature step was applied to the membrane preparation method for a GO loading of 1.0 wt.% with respect to the polymer matrix, W U value is 127.6 wt.%, presumably as a consequence of a major lattice of matrix that acts as barrier for water sorption phenomenon. Moreover, the water content (WC) is 19.0 wt.% for the 1.0 wt.% GO/CS:PVA membrane, whereas the CS:PVA membrane showed a WC of 23.11 wt.%, showing no significant differences. Table 2 . Thickness, water uptake, water content, ion exchange capacity, hydroxide conductivity, and permeability of n-propanol through GO/CS:PVA membrane compared to CS:PVA pristine membrane prepared in this study. Membranes PCG 0.1, PCsG 0.1 and FAA are also used for comparison.
Membranes
Thickness ( Other main requirements for anion-exchange membranes are both high permselectivity of counter ions and low electrical resistivity. Membrane performance depends on the adhesion and dispersion of the GO nanofillers in the polymer matrix, which can remarkably determine the mechanical and transport properties of the membrane. Therefore, a feasible, high concentration of fixed ion exchange groups in the polymer backbone chain allows for higher ion exchange capacity (IEC) values, which are related to the capacity of mobility or migration rate of ions within the membrane [60] . Table 2 collects the IEC values for the pristine CS:PVA membrane and hybrid GO/CS:PVA membranes, which increases from 0.253 to 0.379 mmol¨g´1 upon incorporation of 1.0 wt.% GO into the polymer matrix. However, when temperature was applied for the dispersion of 1.0 wt.% GO in the polymer mixture upon GO-based membrane preparation, the IEC value of GO/CS:PVA membrane decreased to 0.231 mmol¨g´1, below the IEC of the unfilled CS:PVA membrane. This fact suggests that temperature has an effect on the membrane framework arrangement, which is in accordance with what was described above for the W U . Thus, a decrease of the mobility or ion migration is expected because of the obstruction of the free sites necessary for mobility of ions [43] .
Hydroxide Conductivity
The IEC is related to the ion conductivity because of the fixed ion exchange sites in the membrane. However, this relationship is not always linear in semi-crystalline polymers such as those under study. The degree of crystallinity can also contribute to the ionic conductivity of the membranes. The incorporation of nanocarbon fillers creates interconnected channels that favor the ion mobility, and their adequate dispersion in the polymer matrix contributes to facilitate charges and ion transfer in the membrane, which turn higher and effective OH´conductivity. Nevertheless, the OH´conductivity of GO/CS:PVA membrane measured by EIS was 0.19 mS¨cm´1 after membrane activation in 1.0 M NaOH and posterior membrane stabilization in distilled water for 24 h. Clearly, the incorporation of GO sheets seems not to have a significant effect on the ionic conductivity of the membrane and this result can be correlated with the loss of membrane crystallinity in the presence of GO fillers, as shown by XRD described above. It is worth noting that the amorphous region is responsible for ion transport. On the other hand, GO nanosheets allows for ion fixed groups that improve the OH´mobility within the polymer structure as suggested by the IEC values shown in Table 2 .
Alcohol Permeability
The intrinsic membrane properties, among them the degree of crystallinity, affect significantly the alcohol permeability, a feature that must be as low as possible in membrane electrochemical applications, more especially in DAFCs and similar configurations. In our previous work [6] , we reported how effectively the more amorphous the membranes were, the larger crossover of alcohol into the other compartment. GO, sGO or GO modified with silica (fGO) additives seem to offer an important alcohol barrier effect [29, 31, 61] . Table 2 also displays the coefficient of propanol diffusion (P) of GO/CS:PVA membrane measured at 120 min. Similar P values are obtained at times of 30 and 60 min, as 2.82ˆ10´7 and 3.38ˆ10´7 cm 2¨s´1 , respectively. The P values obtained for the GO/CS:PVA membrane are an order of magnitude lower than those reported for the methanol permeation through similar anion-exchange membranes [51] . In fact, our GO-based membrane has a permeability value close to the most common commercial anion-exchange polyelectrolyte membrane, FAA (Fumatech), and similar to that of the unmodified CS:PVA membrane, since, according to XRD results, the structure is reinforced and the tortuosity of the channels leads to lower penetration of alcohol molecules. Furthermore, the hydrogen bonds interactions between the hydrophilic polymer matrix and the GO filler offer more affinity to water than alcohol molecules [54] . All these observations agree with those commented for W U and WC values collected in Table 2 . Finally, to check the crossover of OH´ions, the solution pH of each compartment was measured, without observing any change in the pH values before and after permeability measurements.
Electrochemical Performance of GO/CS:PVA Membranes
The performance of the GO/CS:PVA membrane as an alkaline anion-exchange membrane was investigated for the electrooxidation of a model alcohol such as propargyl alcohol (PGA), using a PEMER configuration. Even though the low ionic conductivity and high water uptake of the GO/CS:PVA membrane are evident disadvantages for the use of the membrane in electrochemical processes, the low alcohol permeation through the cathode compartment and excellent physical contact with the carbonaceous electrodes (in fact, only a small pressure applied between the bipolar plates without the need of hot press procedure was necessary), accounting to low membrane rigidity, might lead to an electrochemical performance comparable to that of the commercial membrane FAA. Figure 7 depicts the comparative polarization curve in the presence of 0.25 M PGA for FAA and GO/CS:PVA membranes. The behavior of these membranes are quite similar, with low IR drops between the membrane and electrodes, especially, at lower current values where both membranes provide equal cell potential values. The similar behavior of the GO/CS:PVA and FAA membranes could be explained by a higher electric conductivity of the GO/CS:PVA membrane compared to the value obtained from EIS measurements. It is worth noticing that heterogeneous and reinforced membranes can lead to undervalued or lower electrical conductivities by using EIS techniques. into the other compartment. GO, sGO or GO modified with silica (fGO) additives seem to offer an important alcohol barrier effect [29, 31, 61] . Table 2 also displays the coefficient of propanol diffusion (P) of GO/CS:PVA membrane measured at 120 min. Similar P values are obtained at times of 30 and 60 min, as 2.82 × 10 −7 and 3.38 × 10 −7 cm 2 •s −1 , respectively. The P values obtained for the GO/CS:PVA membrane are an order of magnitude lower than those reported for the methanol permeation through similar anion-exchange membranes [51] . In fact, our GO-based membrane has a permeability value close to the most common commercial anion-exchange polyelectrolyte membrane, FAA (Fumatech), and similar to that of the unmodified CS:PVA membrane, since, according to XRD results, the structure is reinforced and the tortuosity of the channels leads to lower penetration of alcohol molecules. Furthermore, the hydrogen bonds interactions between the hydrophilic polymer matrix and the GO filler offer more affinity to water than alcohol molecules [54] . All these observations agree with those commented for WU and WC values collected in Table 2 . Finally, to check the crossover of OH − ions, the solution pH of each compartment was measured, without observing any change in the pH values before and after permeability measurements.
The performance of the GO/CS:PVA membrane as an alkaline anion-exchange membrane was investigated for the electrooxidation of a model alcohol such as propargyl alcohol (PGA), using a PEMER configuration. Even though the low ionic conductivity and high water uptake of the GO/CS:PVA membrane are evident disadvantages for the use of the membrane in electrochemical processes, the low alcohol permeation through the cathode compartment and excellent physical contact with the carbonaceous electrodes (in fact, only a small pressure applied between the bipolar plates without the need of hot press procedure was necessary), accounting to low membrane rigidity, might lead to an electrochemical performance comparable to that of the commercial membrane FAA. Figure 7 depicts the comparative polarization curve in the presence of 0.25 M PGA for FAA and GO/CS:PVA membranes. The behavior of these membranes are quite similar, with low IR drops between the membrane and electrodes, especially, at lower current values where both membranes provide equal cell potential values. The similar behavior of the GO/CS:PVA and FAA membranes could be explained by a higher electric conductivity of the GO/CS:PVA membrane compared to the value obtained from EIS measurements. It is worth noticing that heterogeneous and reinforced membranes can lead to undervalued or lower electrical conductivities by using EIS techniques. A number of five consecutive electrochemical oxidations of 0.25 M PGA in 1.0 M NaOH solution were performed upon a Ni-based anode and a gas diffusion cathode electrode for the electro reduction of oxygen. Table 3 summarizes the electrochemical conditions as well as some parameters obtained from the electrooxidation of PGA. Moreover, Table 3 exhibits data related to the electrooxidation of PGA under the same experimental conditions but using the FAA membrane. All electrochemical reactions were carried out at controlled current density of 20 mA¨cm´2 and cell potentials during the electrooxidation process were constant around a value of 1.8 V (see Figure 7B ). This could be an indication of the chemical stability of the membrane in this type of electrochemical processes. The electrochemical performance of the membrane has been evaluated from the PGA conversion and current efficiency values obtained for each of the five consecutive electrooxidative reactions. The PGA conversion values are above 0.5 for a charge passed of 2895 C after two electrolysis, being the main and unique product of reaction (Z)-(3-propynoxy) 2-propenoic acid (Z-PPA). However, it should be noted that PGA conversion value is almost equal for the five electrolyses conducted. The average current efficiency is 0.23 when using the GO-based membrane, denoting that a secondary reaction such as the oxygen evolution is also taking place together with the electrooxidation of PGA. Table 3 also shows the space-time yield and the electrolytic energy consumption for the electrooxidation of PGA.
The behavior of the commercial membrane displays a lower cell potential of 1.21 V, denoting that IR drops associated to the membrane is lower than GO/CS:PVA membrane. Besides, the PGA conversions and current efficiency obtained using the GO/CS:PVA membrane were similar to those reached for the FAA membrane, though energetic consumption is somewhat higher.
From a practical point of view, the reproducibility of the synthesis of graphene based polymer blend membranes is of great concern for the scaling up and manufacturing of novel alkaline anion-exchange membranes. The nature of the graphene filler should be well identified in terms of the synthesis and together with a fully characterization for extracting important data such as surface area, electric resistivity and surface chemistry. Another point relies on the concentration of graphene and its interaction with the homogeneous polymer matrix. Even though pristine graphene and sulfonated graphene, have been used as additives in blend CS:PVA matrices giving rise to the improvement of ionic conductivity and methanol permeability [51] , random dispersion of graphene within the polymeric matrix is still present even at low loading of graphene, providing a lack of reproducibility for the manufacturing of the membrane. However, in our study, homogeneous membranes were obtained with only a small loading of 1.0 wt.% GO in CS:PVA, in part because of the oxidation state of the carbon surface and hence the compatibility of the membrane components. Though the ionic conductivity is only slightly improved by the incorporation of GO into the CS:PVA polymer matrix, the experimental procedure presented here offers a reproducible manufacturing approach correlating the distribution of GO across the membrane with improved thermal stability and comparable permeability to the commercial FAA membrane. Last, but more important point, the repeatability of the hybrid polymeric alkaline anion-exchange membrane is of great matter and determining step for the scale-up and commercialization of novel membranes with a wide number of applications in the industry. 
Materials and Methods
Materials and Chemicals
Chitosan (CS, coarse ground flakes and powder, Sigma-Aldrich, Barcelona, Spain) with a molecular weight from 310,000 to >375,000 and 75 % deacetylation degree, based on the viscosity range 800-2000 mPa s, and Poly(vinyl) alcohol (PVA, 99+% hydrolyzed from Sigma-Aldrich) with a molecular weight from 85,000 to 124,000 were used as purchased. Graphene oxide (GO, Graphene laboratories Inc., New York, NY, USA 5 g¨L´1 dispersed in water, thickness 1 atomic layer at least 60%) was used as received for the synthesis of composite membrane based on chitosan: poly(vinyl) alcohol (CS:PVA) blend matrix. Fumatech Company kindly supplied FAA-3-PEEK-130 membrane (FAA). All other chemicals were purchased from the highest analytical grade available and used as received without any further purification. Doubly distilled water with a resistivity of 18.2 MΩ.cm was used for all solutions preparations.
Membrane Preparation
GO/CS:PVA MMM were prepared from a blend of 1 wt.% of CS and 4 wt.% of PVA homogenous solutions as described in our previous work [6] . Briefly, CS powder was added to the acidic aqueous solution (2 wt.% of acetic acid) and stirred at room temperature for 24 h. Separately, PVA powder was added to distilled water and refluxed at 85˝C for 2 h. Then, CS and PVA solutions were vacuum filtrated to remove impurities. The blend membrane was prepared at a CS:PVA ratio of 50:50 wt.% by mixing the appropriate amounts of the single polymer solutions and stirring for 24 h. Then, a certain amount of GO aqueous solution was added into polymers mixture and stirring for several days until a brownish homogenous mixture was achieved. Finally, the GO/CS:PVA mixture was degassed in the ultrasound bath and cast on a glass plate using a doctor blade at a 0.15 mm opening, and then solvent was evaporated in a fume hood at least for 2 days.
Ion exchange was performed by immersion of the as-made dried membranes in protonated form into a 1.0 M NaOH bath for 24 h and then thoroughly washed with distilled water to remove the NaOH excess. Finally, the OH´form of the membranes were stored in distilled water at 5˝C, being ready for further characterization and application. Membrane thickness was measured with an IP-65 digital micrometer (Mitutoyo Corp., Kawasaki, Japan) with a precision of 0.001 mm. The measurement was performed at least 4-5 spots over the membrane surface.
Physicochemical Characterization of GO Solution and GO/CS:PVA Membrane
Raman spectrum was recorded by using LabRam (HORIBA Jobin-Ivon Inc., Edison, NJ, USA with a confocal microscope (ˆ100 objective) spectrometer with a He/Ne laser at 632.78 nm excitation. GO Raman spectra shows a first order region consisting of two peaks at 1345 and 1606 cm´1 corresponding to band D and G, respectively, see Figure 1C . D band refers to the defect character in graphite, whilst G band the stretching vibration in the aromatic layers of the graphite crystalline [50, 62] . The lower I D /I G ratio, the higher graphitization degree and sp 2 character. The intensity of D band is proportional to amount of defect present in the sample or likely edge defects. In this case, the D band results to be significant, which is because of oxygen functionalized groups of GO nanosheet. I D /I G ratio is around 1.12, which agrees with the value of 1.09 reported in the literature [20] . The second order Raman spectra of GO exhibits two main peaks where the components D + G and 2D can be assigned.
Morphology of the GO and GO/CS:PVA membranes were observed by scanning electron microscopy (SEM) using a Zeiss DMS 942 instrument operating at 30 kV. Optical images were obtained by using a MOTIC BA 200 microscope. X-ray photoelectron spectroscopy (XPS) experiments were recorded on a K-Alpha Thermo Scientific spectrometer using AlKα (1486.6 eV) radiation, monochromatized by a twin crystal monochromator and yielding a focused X-ray spot with a diameter of 400 µm, at 3 mAˆ12 kV. Deconvolution of the XPS spectra were carried out using a Shirley background. X-ray diffraction (XRD) patterns of GO and membranes were collected on a Philips X Pert PRO MPD diffractometer operating at 45 kV and 40 mA, equipped with a germanium Johansson monochromator that provides Cu Kα1 radiation (λ = 1.5406 Å), and a PIXcel solid angle detector, at a step of 0.05˝. The GO-based membrane was examined at 25˝C by powder X-ray diffraction Bruker D8-Advance with mirror Goebel (non-planar samples) with a generator of x-ray KRISTALLOFLEX K 760-80F (power: 3000 W, voltage: 20-60 KV and current: 5-80 mA) with a tube of RX in the wave length 1.5406-1.54439.
Thermal gravimetric analyses (TGA) were carried out using a DTG 60H Shimadzu instrument (Japan) under nitrogen conditions from 25 to 700˝C at a heating rate of 10˝C¨min´1 in order to explore the thermal stability of the resulting membrane. The decomposition temperature of both pristine (CS:PVA) and doped composite membrane (GO/CS:PVA) was calculated as the temperature at which 5% weight loss occurs, once the water excess is removed from the membrane. Water content (WC) was calculated from the TGA analysis [6, 63] .
Water uptake (W U ) of the CS:PVA and GO/CS:PVA membrane was calculated by measuring the change in the weight of the membrane before (dried membrane, W dry ) and after hydration (wet membrane, W wet ), in OH´form. The wet weight, W wet , was determined by quickly removing water excess and weighing the membrane in an electronic precision balance. The percentage of water uptake was thus calculated using Equation (1):
Ion exchange capacity (IEC) was measured by back-titration. Pristine and doped composite membranes in dried and weighed forms were immersed in 1.0 M NaOH renewable solution for 24 h at room temperature. This alkaline solution was renewed 3 times. The membrane was thus converted to OH´form. Then, the membrane was rinsed thoroughly with doubly distilled water and equilibrated for 24 h. In the last step, the membrane was soaked in 0.1 M HCl solution for 24 h and this solution was then titrated by a standardized 0.1 M NaOH solution. IEC values were worked out according to Equation (2):
where V NaOH,i and V NaOH,f are the volume of 0.1 M NaOH solution consumed during back-titration of HCl solutions without and with membrane, respectively. C NaOH is the concentration of NaOH solution previously standardized by potassium hydrogen phthalate [64] .
Electrochemical Impedance Spectroscopy
The specific ionic conductivity of CS:PVA and GO/CS:PVA membranes were calculated by means of the electrochemical impedance spectroscopy (EIS) as well described in [65, 66] . EIS experiments were performed using a microAutolab equipped with a FRA impedance module at open circuit potential (potentiostatic method), and a two electrodes electrochemical cell made of stainless steel-plated electrodes with a projected area of 1.13 cm 2 . The amplitude was set at 10 mV and the frequency range was established from 0.1 MHz to 100 Hz. EIS experiments were carried out at controlled temperature of 25˘3˝C. CS:PVA and GO/CS:PVA membranes were activated in 1.0 M NaOH solution for 24 h, and then, thoroughly rinsed with ultrapure water and finally stabilized in doubly distilled water for 24 h before EIS measurements. Water was removed out of the membrane surfaces using blotting paper before placing the membrane in the EIS cell for the OH´conductivity through the plane was due to only the membrane.
Alcohol Permeability Measurements
Permeability was measured at room temperature using a homemade diffusion cell as described by Garcia-Cruz et al. [6] . Briefly, the OH´form membrane was sandwiched between the two compartments of a filter-press configuration with a 10 cm 2 projected area. The first compartment (A) was filled with a 0.25 M n-propanol in 1.0 M NaOH solution. The second one (B) was filled with doubly distilled water. Both compartments were filled up at the same time and pressure. The concentration of n-propanol was measured by gas chromatography (GC 2010, Shimadzu, Japan) at different times of 0, 0.5, 1 and 24 h. The permeability coefficients of n-propanol, P (cm 2¨s´1 ) was then calculated from Equation (3)
where C A0 (ppm) is the initial concentration of n-propanol in the compartment A, and V B is the water volume in compartment B. A (cm 2 ) and l (cm) are the membrane area and thickness, respectively.
Polarization Curves and Electrolysis into a PEM Electrochemical Reactor
Polarization curves were performed using a PEMER architecture of 25 cm 2 projected area using a current range between 0.02 and 0.5 A as reported in our previous work [6] . GO/CS:PVA membrane was placed between the anode electrode made of Ni nanoparticles supported in a carbon black matrix (Ni/CB) with a Ni loading of 0.1 mg¨cm´2, and a the cathode made of Pt nanoparticles supported in carbon black matrix (Pt/CB) onto diffusion layer (40/60 Vulcan XC-72R/PTFE, with a carbon loading of 2 mg¨cm´2). Membrane electrode assembly (MEA) was pressed and assembled between two graphitic column plates whereby both compartments are fed, and that act as anodic and cathodic current intensity collectors. Aqueous anolyte consisted of 1.0 M NaOH solution subjected to a flow rate of 12 mL¨min´1 by using a peristaltic pump (Ismatel Reglo DIG MS/CA 2-8C). Synthetic air (99.999% from Air Liquid, Spain) was humidified prior to being fed into the cathode with a flow rate of 50 mL¨min´1 controlled by a digital mass flow rate controller (Smart-trak 2 Sierra Intruments, Inc., Monterey, CA, USA).
Before starting the electrooxidation of PGA, Ni/CB catalytic layer was electrochemically activated. To do this, the anode compartment was fed with a 1.0 M NaOH solution and then a current intensity was set to 0.3 A for 16 min to obtain the electrocatalytic NiOOH species [67] . Current intensity, charge passed and cell potential during the electrosynthesis were controlled and monitored using a Gw instek PSP-2010 power supply as current intensity source. PGA electrooxidation was carried out at room temperature with a controlled current of 0.5 A, i.e., 20 mA¨cm´2 assuming a projected area of 25 cm 2 and a charge passed of 2895 C. PGA conversion and the formation of the final products were followed by HPLC, according to the experimental procedure described elsewhere [68] . Different performance indicators in an electrolysis were calculated such as current efficiency, energy consumption, and space-time yield [69, 70] . The final products were confirmed by 1 H NMR at 400 MHz with a BRUKER AV300 Oxford instrument. For the final workup of the electrooxidative reaction, liquid-liquid extraction of the acidified final anolyte solution was performed in ethyl ether; thereafter, the solvent was dried in anhydrous sodium sulphate and finally concentrated in vacuum at 40˝C.
Conclusions
We have achieved the synthesis of a GO/CS:PVA membrane using an easy solution casting method that allows a totally homogeneous membrane matrix. This type of membrane was produced cheaply and with eco-friendly reagents and methods of preparations. Neither temperature nor ultrasonic bath [33, 39] , nor plasticizers as glycerol [51] , nor crosslinkers as glutaraldehyde [54] were used. Despite the fact that the GO/CS:PVA membrane does not exhibit a higher OH´conductivity than the pristine polymer blend, the membrane does present a good reinforced structure acting as physical barrier to significant reduction of alcohol permeability. Moreover, GO/CS:PVA membrane exhibits higher thermal stability than CS:PVA membrane, enabling its use in electrochemical processes with temperature requirements. Nonetheless, the incorporation of oxygen functionalized G nanosheets does not reduce much the swelling of the membrane. The polarization response curve makes it a good candidate for industrial applications of electroorganic synthesis of products with great interest from an industrial viewpoint, and direct alcohol fuel cells. Nevertheless, the need of exploring much deeper the effect of GO within the structures of CS and PVA blend polymer would be useful to understand better the effect of this carbon filler within the polymer matrix upon the improvement of electrical conductivity, water uptake, and thermal stability.
